revious studies have shown that patients with multivessel coronary artery disease (CAD) show transient left ventricle (LV) dilation on exercise thallium-201 ( 201 Tl) myocardial perfusion single-photon emission computed tomography imaging (MPI). 1,2 Recently, several investigators have reported the detection of transient LV dilation on exercise MPI, using technetium-99m ( 99m Tc) sestamibi and 99m Tc tetrofosmin. [3] [4] [5] The sensitivity and specificity for identifying patients with multivessel CAD based on transient LV dilation was 60-91% and 77-95%, respectively, 1,3-5 and furthermore, the specificity was high.
patients in those reports had a large LV cavity size and impaired LV systolic function at rest. Abidov et al reported that a high ratio of stress LV volume to rest LV volume on gated single-photon emission computed tomography (SPECT) images, which reflects transient LV dilation, is predictive of cardiac events in patients with normal rest 201 Tl/stress 99m Tc sestamibi MPI. 12 However, no investigators have focused on the prognosis of patients with normal LV size at rest, but showing transient LV dilation during exercise stress or adenosine triphosphate (ATP) pharmacologic stress 201 Tl MPI.
Methods

Patient Population and Follow-up
Between July 1997 and May 1999, 2,382 consecutive patients with known or suspected CAD were referred for 201 Tl stress MPI at Toho University Ohashi Hospital, in Tokyo. Echocardiography was performed within 1 month before or after stress MPI. The LV diameter and LV ejection fraction (LVEF) were measured by M mode. Patients with obvious enlargement of the LV in both post-stress and rest SPECT images and with an LVEF ≤30% or an LV end-diastolic diameter ≥55 mm on echocardiography were excluded because poor LV function and LV enlargement are considered as predictors of poor prognosis. [13] [14] [15] [16] Of the 2,382 patients 56 had transient LV dilation with normal LV size at rest; 3 patients were lost to follow-up and therefore were excluded, leaving 53 patients with data available to be analyzed (exercise: 21, pharmacologic: 32).
Patients were contacted by phone by a physician, unless it was clearly documented in the hospital chart that the patient had been referred for coronary revascularization or had sustained a cardiac event, such as cardiac death, hos-pitalization for congestive heart failure (CHF) or acute coronary syndrome (ACS). Included with the patients who underwent coronary revascularization were those who were recommended to undergo coronary revascularization from the imaging results. Because the finding of transient LV dilation means severe ischemia, it strongly influenced the decision to perform coronary angiography and subsequent revascularization. ACS was defined as unstable angina (UA) and nonfatal myocardial infarction (MI): UA was defined as typical precordial chest pain of class IIB or IIIB in the Braunwald classification, and MI was defined as a consistent history accompanied by elevation of cardiac enzymes and/or new Q waves on the electrocardiogram (ECG). The first cardiac event was used in the statistical analysis. If MI, CHF and cardiac death occurred during the same admission, the event was recorded as cardiac death only.
Exercise and Pharmacologic Protocol
Symptom-limited treadmill exercise testing was performed using the Bruce protocol. If there was ≥0.1 mV of downsloping or horizontal ST depression after the J point, we considered that stress testing was positive for ischemic heart disease. At peak exercise, 111 MBq 201 Tl was injected intravenously and exercise was continued for a further 60 s. After 3 min of recovery, 201 Tl images were obtained immediately and 3 h after injection.
Intravenous infusion of ATP was initiated at a dose of 0.14 mg·kg -1 ·min -1 using an infusion pump and continued for a total of 6 min. At the end of 5-min infusion, a dose of 111 MBq 201 Tl was injected intravenously. Coronary flow rapidly increases with ATP infusion and reaches a plateau of 4.2-fold at 1-1.5 min for a dose of 0.14-0.15 mg·kg -1 · min -1 . 17, 18 The heart rate, blood pressure, and ECG were recorded at baseline and during each minute of infusion and for 1 min during recovery. The electrocardiographic criteria for ischemia were the same as the treadmill exercise criteria. Images were obtained immediately after ATP infusion and 3 h later.
Tl Myocardial Imaging
All SPECT studies were acquired on a MultiSPECT3
(SIEMENS Medical Solution USA Inc, IL, USA) equipped with triple-headed camera with cardiofocal collimators. Ninety projections were obtained for 20 s each at 4°sam-pling steps in a 360°arc. All projections were stored in 64× 64 matrices. A 15% symmetric energy window centered on the 70-keV peak was used. Tomographic reconstruction was performed by means of a standard filtered backprojection technique with a Butterworth filter with a cutoff frequency of 0.5 cycles/pixel and an order of 5. No attenuation or scatter correction was applied.
Visual Interpretation of 201 Tl Scintigrams and Transient LV Dilation
A semi-quantitative method was used to objectively assess all images. Twenty myocardial segments were defined (2 apical and 6 each for the distal, mid, and proximal short-axis slices) and scored using a 5-point scoring system (0= normal, 1= mildly reduced, 2= moderately reduced, 3= severely reduced, 4= absent tracer uptake). The summed stress (rest) score (SSS, SRS) was defined as the sum of the stress (rest) scores for each segment. Summed difference score (SDS) was defined as the difference between the SSS and the SRS. We defined summed stress score categories as normal (<4), mildly abnormal (4-8), moderately abnormal (9-13) and severely abnormal (>13). 19 Mean 201 Tl washout rate (mWR) was calculated from the stress and the rest Bull's eye map using 10 slices of the short-axis SPECT images.
Abnormal transient LV dilation was considered to be present when there was a definite enlargement of the LV cavity on the post-stress images compared with the rest images by visual assessment. To measure transient LV dilation objectively, we calculated the transient LV dilation ratio (Fig 1) .
Statistical Analysis
Data are expressed as the mean ± SD. A chi-square test was used for the comparison of groups. Comparisons of continuous variables between 2 groups were performed using an unpaired t-test or a Mann-Whitney U test. Correlations between the defect scores and the pressure -rate products or the transient LV dilation ratios were analyzed
Tl count
Maximal count 15°0°m iddle apical Twenty-four radii were generated every 15°from the middle and apical myocardial short-axis images. The area surrounded by 24 points of maximal counts on each radius was calculated for the post-stress and resting images. Transient LV dilation was calculated by dividing an area in the post-stress images by an area in the resting images. The average of these 2 ratios represents the transient LV dilation ratio. using Pearson's coefficient. All patients were divided into 2 groups based on the degree of perfusion defect, the reversibility of the defect and mWR. Differences in the cardiac event rate among the 2 groups were analyzed by the Kaplan-Meier method and compared by log-rank test. Receiver-operating curve analysis was performed to determine the cutoff value of mWR for predictors of cardiac events. For prognostic purposes, univariate Cox proportional hazards regression models were used to identify predictors of cardiac events. Furthermore, univariate Cox proportional hazards regression models for predictors of cardiac events adjusted for age, gender and LVEF were analyzed. The risk of a given variable is expressed by a hazard ratio with corresponding 95%confidence intervals (CIs). Probability values less than 0.05 were considered significant.
Results
Patient Characteristics
The clinical characteristics are summarized in Table 1 . There were 31 men and 22 women, with a mean age of 71± 7 years. The mean follow-up period was 17±15 months. Fifteen patients had a history of a prior MI and 7 patients had a history of coronary artery bypass grafting (CABG). The mean LVEF was 66±14%. There were no significant differences in any of the parameters between the treadmill and ATP groups.
The mean transient LV dilation ratio for all patients was 1.143±0.080. There were no significant differences in the mean transient LV dilation ratio between the patients with cardiac events and those without (1.148±0.085 vs 1.140± 0.072, p=0.700), similarly, for ATP stress testing, there were no differences in the transient LV dilation ratio between patients with cardiac events and those without (1.173±0.085 vs 1.131±0.082, p=0.162). There were also no significant differences in the mean transient LV dilation ratio between the treadmill stress patients and ATP stress patients (1.130±0.073 vs 1.151±0.085, p=0.364).
The relationship between visual assessment of transient LV dilation and the transient LV dilation ratio was analyzed in 20 randomized patients (Fig 2) . There was a significant difference in transient LV dilation ratio between the absence and presence of transient LV dilation by visual assessment (p=0.0001). There was also significant difference in the transient LV dilation ratio between the absence of transient LV dilation by visual assessment in 10 randomized patients and the presence of transient LV dilation in the present study population (p<0.0001). There were approximately similar transient LV dilation ratios between the patients in the present study (1.143±0.080) and the 10 randomized patients who were assessed as having transient LV dilation by visual assessment (1.163±0.095).
Cardiac Events
All cardiac events are shown in Table 2 . The total cardiac event rate was 59% (31 events in 53 patients): 3 patients (6%) died from cardiac causes, 5 (9%) had CHF, 3 (6%) had ACS (2 patients had UA) and 20 (38%) underwent staged coronary revascularization (percutaneous coronary intervention: 17, CABG: 3). Of the 20 patients 12 underwent early revascularization within 3 months of the imaging (8 patients for the treadmill stress group and 4 patients for the ATP stress group). Based on the stress protocol, the cardiac event rate was higher with treadmill testing than with pharmacologic stress testing (76% vs 47%, p=0.034).
Stress Test Results
Sixteen of 21 patients (76%) who were referred for treadmill exercise testing showed a positive result for ST depression. The reasons for stopping stress were leg fatigue in 9, chest pain in 6 and dyspnea in 6 patients. The maximum blood pressure, maximum heart rate and the pressurerate product were 178±39 mmHg, 134±16 beats/min and 22,630±7,050, respectively. Eleven of 32 patients (34%) referred for pharmacologic stress testing showed a positive result for ST depression; 2 of the 32 could not have ST change identified because they had ventricular pacing on the ECG.
There are no correlation between the pressure -rate product and the SSS (r=-0.290, p=0.206) or SRS (r=-0.060, p=0.799). But there was a weak inverse correlation between the SDS and pressure -rate product (r=-0.461, p=0.034).
There are no correlation between the transient LV dilation ratio and the SSS and (r=0.181, p=0.196), SRS (r= 0.048, p=0.733), or SDS (r=0.257, p=0.063).
Coronary Angiography
Thirty-three of 53 patients underwent coronary angiography within 1 month before or after stress MPI. A significant coronary stenosis was defined as ≥75% luminal diameter narrowing in a major vessel or a primary branch. For the 21 patients with treadmill stress images, all were suspected to have myocardial ischemia and 19 underwent coronary angiography: 4 patients had 3-vessel disease, 7 patients had 2-vessel disease, 7 patients had single-vessel disease, and 1 patient did not have CAD. Of 19 patients in the treadmill stress test group, 11 had multivessel disease. Of the 18 patients with a positive treadmill test, 14 underwent coronary angiography. Of the 32 patients with ATP stress images, 24 were suspected to have myocardial ischemia, and 16 underwent coronary angiography: 5 patients had 3-vessel disease, 1 patient had 2-vessel disease, 6 patients had single-vessel disease, and 4 patients did not have CAD. In the ATP stress test group only 6 of 16 patients had multivessel disease. Of the 11 patients with a positive result of ST depression during ATP stress, 7 underwent coronary angiography.
Event-Free Survival Analysis and Independent Predictors of Cardiac Events
To stratify the high-risk patients, we divided the patients into 2 groups based on the severity of the defect score, ischemic score, and mWR. Kaplan-Meier curves for time to a cardiac event are shown in Fig 3. Moderate to severe abnormal defect at stress, moderate to severe abnormal defect at rest, and moderate to severe ischemia were associated with a high cardiac event rate compared with a normal to mild abnormal defect at stress or at rest, and normal to mild ischemia (p=0.012, p=0.013, p=0.029, respectively). Patients were considered to have slow mWR if their score was <30%, which was based on the receiver-operating characteristic curve. There was a trend toward a higher rate of cardiac events in the slow washout group, although there was no statistically significant difference (p=0.059).
The univariate analysis for predictors of cardiac events is shown in Table 3 . A higher SSS (moderate to severe abnormal defect with stress), SRS (moderate to severe defect at Kaplan-Meier event-free survival curves. Cardiac event rate was higher in (A) patients with severe defects than in patients with mild defects on the stress images, (B) patients with severe defects than in patients with mild defects on the rest images, (C) patients with severe ischemia than in patients with mild ischemia and (D) patients with a slow washout rate than in patients with a normal washout rate. SSS, summed stress score; SRS, summed rest score; SDS, summed difference score. rest), and SDS (moderate to severe ischemia) were predictors of cardiac events with hazard ratios of 2.4, 2.3, and 2.1, respectively. The SPECT images of patients with multivessel disease sometimes had a lower SSS and SDS 20, 21 because tracer uptake may be reduced in all vascular territories and in such cases, the washout rate is important in identifying severe ischemia. [22] [23] [24] In fact, after adding the parameter of slow washout rate to the SSS, SRS, and SDS, the hazard ratios were much higher than for SSS, SRS, and SDS alone. Furthermore, a history of MI was a predictor of cardiac events with a hazard ratio of 2.1.
The univariate analysis after adjustment for age, gender, and LVEF as predictors of cardiac events is shown in Table 4 . A higher SSS was a predictor of cardiac events with a hazard ratio of 2.4; however a higher SRS and a higher SDS were not predictors. Also, mWR was a predictor of cardiac events with a hazard ratio of 3.0. Adding the parameter of a slow washout rate to the SSS, SRS and SDS made a better predictor than SSS, SRS, and SDS alone with hazard ratios of 3.3 (95%CI: 1.1-9.6, p=0.029), 2.9 (95%CI: 1.2-6.8, p=0.017) and 2.7 (95%CI: 1.0-7.3, p= 0.042), respectively. The combination of both defect score and washout rate was a better predictor than defect score alone.
Discussion
There are several reports from the United States and Europe about an association between cardiac prognosis and transient LV dilation on 201 Tl myocardial perfusion SPECT images following exercise treadmill or pharmacologic stress, but to our knowledge, none about such an association in Japan, although there are reports showing the predictive value of exercise and pharmacologic stress MPI. 25, 26 The present study demonstrated that patients with transient LV dilation on 201 Tl stress MPI had a high cardiac event rate.
SPECT images in 3 patients with cardiac death showed multivessel disease or left anterior descending CAD, and 5 patients with CHF had significant coronary artery stenosis. In this study, all patients with cardiac events had evidence of ischemia on the stress SPECT images, which is consistent with previous studies demonstrating that transient LV dilation is a sign of extensive ischemia. 1,2,6,27 Even if we excluded early revascularization from the analysis, the cardiac event rate was still high (19 of 53 patients, 36%) .
The cardiac event rate was relatively high (76%) in the treadmill group. All patients who underwent treadmill exercise stress SPECT imaging had evidence of ischemia and more than half of them had multivessel disease. The finding of transient LV dilation was associated with the presence of multivessel disease, which is in keeping with a previous study. 1 We should remember that patients with transient LV dilation on treadmill exercise stress images are at high risk for having CAD.
A previous study reported that diabetic patients with multivessel CAD showed significant worsening of the LVEF with exercise on quantitative gated 201 Tl MPI and suggested that diabetic patients more frequently show transient LV dilation than nondiabetic patients. 28 In the present study, the transient LV dilation ratios between diabetic and nondiabetic patients could not be analyzed because of the small number of diabetic patients.
The cardiac event rate of patients undergoing ATP stress testing was lower than that in patients undergoing treadmill exercise testing; 17 of 32 patients undergoing ATP stress imaging did not experience cardiac events and 7 of the 17 patients had normal SSS, SRS, SDS (score <4), and normal mean washout rates (>30), with the only finding being transient LV dilation. These patients had less suspicion of having CAD, not only from the MPI findings but also based on their clinical course. Compared with treadmill exercise testing, transient LV dilation may appear independently of CAD in patients undergoing ATP stress testing. Previous studies have suggested that diffuse subendocardial hypoperfusion resulting from ischemia may cause transient LV dilation. 4 And during exercise in healthy individuals, the LV end systolic volume decreases in inverse proportion to the workload. This action often makes the LV cavity size decrease on post-stress SPECT imaging. A decrease in LV cavity size occurs less often during pharmacologic stress testing than during exercise stress. In the present study, for the ATP stress testing group, there were no differences in the transient LV dilation ratio between patients with cardiac events and those without (1.173±0.085 vs 1.131±0.082, p=0.162). Therefore, prognosis cannot be predicted from the LV dilation ratio. Although patients with LV hypertrophy may have subendocardial ischemia, there were only a few such patients in our study. Jeffrey et al reported that the endocardial blood flow/epicardial blood flow ratio decreases with adenosine infusion in the normal canine myocardium, 29 and this effect of adenosine on the transmural flow gradient may cause heterogeneous radioisotope distribution in the myocardium, which means transient LV dilation. ATP may have similar effects, which suggests that transient LV dilation during ATP stress testing may occur in patients without CAD. In a group of patients undergoing dipyridamole stress imaging, Lette et al reported that 32 of 45 patients with transient LV dilation were referred for coronary angiography, and of them 24 (75%) had multivessel disease. 11 Takeishi et al also reported that 18 of 22 patients (81%) had multivessel disease 7 and in our study, 6 of 16 patients (37.5%) had multivessel disease. There is a difference between our study and these previous studies in the number of patients with multivessel disease and transient LV dilation during pharmacologic stress, possibly because of a difference in the definition of transient LV dilation. Lette et al considered transient LV dilation to be when the largest short-axis LV diameter in the best septal view on the early images was >15% larger than on the delayed images 11 and Takeishi et al considered it to when there was >10% difference. 7 In our study patients, the mean short axis LV diameter on the early images was usually 6.4% larger than on the delayed images, which suggests higher ratios of transient LV dilation in the previous studies and more severe CAD in those patients.
Weiss et al reported that the transient LV dilation ratio in patients with 2-or 3-vessel disease was significantly larger than that in patients with single vessel disease. 1 In the present study, patients with and without cardiac events showed similar transient LV dilation ratios, which might be related to the small number of patients in this study. Furthermore, there was no correlation between the SSS and transient LV dilation ratio.
In the present study, 7 of 11 patients who showed positive ST changes during ATP stress testing underwent coronary angiography and 4 of them had multivessel disease. All 7 patients (63.6%) had cardiac events. Generally, ST changes rarely occur during ATP stress testing. Because ATP causes coronary vasodilation, it does not increase cardiac workload or induce ischemia. We believe that patients with both ST changes and transient LV dilation during ATP stress testing are at high risk of having CAD.
Study Limitations
We visually assessed transient LV dilation, although we also calculated the transient LV dilation ratio. Gated SPECT 30 acquisition using 99m Tc agents enables LV volume to be quantified, whereas volume assessment by quantitative gated SPECT using 201 Tl can be inaccurate.
Conclusions
Patients with transient LV dilation on 201 Tl stress MPI have a high cardiac event rate. The event rate is higher for treadmill exercise stress testing than for pharmacologic stress testing. Furthermore, the combination of the extension of post-stress perfusion defect and a slow washout rate for 201 Tl is the best predictor of cardiac events in patients with transient LV dilation.
